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OVERVIEW 


I  . 

We  are  studying  implantation  doping,  etching,  contact  formation,  and 
regrowth  of  natural  diamond,  for  future  applications  to  the  fabrication  of 
devices  from  thin  film  CVD  diamond.  In  addition,  we  are  characterizing  thin 
film  diamonds  of  other  ONR  contractors,  using  ion  beam  methods. 

1.  Doping 

In  diamond,  implantation  doping  is  difficult  because  the  high  annealing 
temperature  necessary  to  remove  damage  and  to  obtain  efficient  dopant 
activation  often  causes  graphi t i za t i on .  We  have  used  an  innovative  co¬ 
implantation  of  C  plus  the  desired  dopant  at  77  K,  followed  by  rapid  thermal 
annealing  (RTA)  or  furnace  annealing,  to  overcome  this  problem. 

2.  Etching 

The  removal  of  surface  layers  of  diamond  by  polishing  or  chemical  etching 
is  hampered  by  its  extreme  hardness  and  chemical  inertness.  We  have 
demonstrated  that  reactive  ion  etching  with  0  is  an  effective  method  of 
removing  controlled  amounts  of  diamond. 

3.  Contact  formation 

We  have  developed  a  new  sputtering  method  of  forming  strong  metallic 
contacts  to  diamond  at  ambient  temperatures,  which  may  prove  invaluable  for 
microelectronics  and  heat  sink  applications. 

A.  Regrowth 

Factors  affecting  epitaxial  regrowth  of  damaged  natural  diamond  are 
crucial  for  both  ion  beam  doping  and  CVD  growth.  We  have  successfully  regrown 
C-ion  implanted  natural  diamond  layers  by  RTA  or  furnace  anneals. 

5.  Characterization 


We  have  measured  the  il,  N,  and  0  contents  of  CVD  diamond  and  ion  beam 
deposited  diamond  films.  We  have  also  developed  a  coincidence  ion  scattering 


method  for  studying  impurity  and  dopant  profiles  in  diamond. 


II .  RESULTS 

1.  Ion  implantation  doping 

Co- impl an t a t i on  of  natural  diamond  at  77  K  with  C  and  B,  followed  b'  ^  A 
at  1100°C  has  been  effective  in  producing  substitutional  B.  The  resistivity 
was  reduced  tc  the  very  low  level  of  100  flcm  at  295  K,  with  a  carrier 
activation  energy  of  0.1  eV  for  a  sample  implanted  with  2x10*^  C  and 
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3x10  B/ cm  .  A  strong  optical  absorption  band  at  0.37  eV,  corresponding  to 
that  seen  for  type  1 1 b  diamond,  as  well  as  unusual  absorption  bands  near  1060 

_  l 

cm  were  observed. 

All  of  these  absorption  bands  increased  in  magnitude  with  increasing  B 
dose.  Both  the  low  resistivity  and  the  optical  absorption  bands  were  absent 
for  samples  implanted  only  with  C  ions.  These  results  were  reported  in  refs. 
4,  5,  7,  10  (see  Appendices  1-3). 

In  addition,  co-implantation  of  C  plus  N  or  P  gave  encouraging  results, 
as  shown  by  the  resistance  versus  temperature  data  of  Fig.  1.  Preliminary 
thermo-emf  measurements  showed  that  these  implanted  layers  were  n-type. 

We  have  studied  deep  implants  of  C,  B,  C+B,  and  Cu  in  natural  diamond, 
with  the  object  of  improving  the  epitaxial  regrowth  because  of  the  constraint 
of  relatively  good  diamond,  above  the  damaged  layers.  Excimer  laser  annealing 
as  well  as  conventional  annealing  was  used  for  these  studies.  In  addition,  we 
have  implanted  As  and  Li  and  will  implant  F  in  order  to  obtain  n-type  doping. 

Outstanding  results  have  been  obtained  by  C+In  implants  at  293  K.  In 
this  case,  perturbed  angular  correlation  (PAC)  results  have  shown  that 
subsequent  annealing  at  1100°C  caused  15-20%  of  the  In  atoms  to  reside  at  well 
defined  lattice  sites,  probably  associated  with  single  vacancies.  Such 
experiments  could  be  used  to  measure  the  migration  energies  of  both  self- 
interstitials  and  vacancies  in  diamond,  by  the  shrinking  or  growth  of  the  In¬ 
vacancy  defects. 


2 


Etching 

Ecching  of  natural  diamond  has  been  achieved  using  oxygen  and  hydrogen 
plasmas.  Etching  rates  of  35  nm/min  were  achieved  using  300  eV  oxygen  ions. 
Adding  as  much  as  85%  argon  to  the  reaction  chamber  did  not  reduce  the  etch 
rate  (ref.  6;  see  Appendix  A).  In  addition,  etching  was  studied  with  gas 
mixtures  such  as  CF^+O;  and  SF6+02.  So  far,  pure  oxygen  seems  to  give  the 
maximum  etching  rate.  We  plan  to  experiment  with  pure  F2  in  the  future. 

3.  Contact  formation 

An  Ar  sputtering  method  (patent  pending)  for  preparing  diamond  surfaces 
was  found  to  enhance  greatly  the  contact  strength  of  deposited  Au  films.  The 
films  were  also  much  smoother  after  this  treatment  (Ref.  11).  Current  versus 
voltage  measurements  on  natural  semiconducting  type  I I b  diamonds  deposited 
with  gold  electrodes  using  the  above  method  demonstrated  ohmic  type  behavior 
(see  Appendix  5 ) . 

4.  Regrowth 

The  epitaxial  growth  of  diamond,  either  during  CVD  or  ion  beam 
deposition,  or  after  damaging  by  ion  implantation,  is  important  in  developing 
diamond  opto-electri c  devices.  We  have  observed  that  good  epitaxial  regrowth 
of  C-implanted  natural  diamond  is  achieved  by  either  RTA  at  1100°C  or  by 
furnace  vacuum  annealing  at  700-900°C  (refs.  8,9)  when  the  diamond  structure 
was  not  completely  randomized.  If  the  diamond  was  randomized  (as  observed  by 
ion  channeling),  good  epitaxial  regrowth  was  achieved  by  furnace  annealing, 
but  a  thin  graphite  layer  was  formed  on  the  surface.  This  effect  indicated 
that  a  constraining  diamond  layer  over  the  damaged  layer  prevented  graphite 
formation  (see  Appendix  6). 

We  plan  to  continue  studies  of  regrowth,  with  emphasis  on  the  influence 
of  (1)  implantation  depth  and  (2)  added  impurities  such  as  F  and  H. 


j.  Characterization 


Elastic  recoil  detection  was  used  to  measure  the  II  content  of  CVD  thin 


films  from  RTI  as  described  in  die  previous  annual  report.  Nuclear  read  ui 
analysis  was  used  to  measure  0  and  N  contents  of  icr.  deposited  samples  from 

H  16 

the  University  of  Houston.  Nuclear  reaction  analysis  of  N  and  0  can  be 

.  2  . 

achieved  using  deuteron  (  H  )  or  H  ion  beams  (reis.  14,15).  The  cross 
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sections  for  ihe  reactions  N(d,p)  N,  0(d,p)  0  and  0(  He,  a)  0  are  a 
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few  mb  sr  ,  giving  a  sensitivity  of  about  10  atoms  cm  "  or  one-tenth  of  a 
monolayer,  depending  somewhat  on  the  substrate.  The  disadvantages  of  th 
deuteron  analysis  are  that  backgrounds  arise  from  reactions  both  with  tiu- 
substrate  and  with  accumulated  deuterium,  and  that  neutron  radiation  arises 
from  deuteron  interactions.  The  use  of  the  ^He  avoids  these  problems,  and  is 
thus  attractive  for  oxygen  analysis  (Ref.  15).  A  concentration-depth  profile 
can  also  be  obtained  by  standard  energy  analysis  of  the  emitted  particles.  We 
found  that  the  ion  deposited  diamond-like  films  contained  less  than  1  % 
oxygen . 


We  have  also  done  preliminary  ion  channeling  measurements  of  the  quality 
of  homoe pi  taxi al  diamond  films  from  RTI .  By  the  channeling  method,  the 
perfection  of  the  diamond  film  can  be.  determined.  Specifically,  the  defect 
structure,  mosaic  spread,  and  lattice  strain  can  be  measured.  These 
preliminary  measurements  were  reported  at  the  Diamond  Technology  Initiative 
Symposium  in  July  1989. 


In  addition,  we  have  measured  the  quality  of  Ni  crystals  and  Cu-Ni 
strained  layer  superlatt ices  prepared  at  RTI  for  heteroepi taxial  growth 
studies. 

We  have  developed  a  new  ion  beam  coincidence  method  to  measr  •  _ 
concentration-depth  profiles  of  impurities  in  thin  films  of  diamond  (ref. 

16).  The  idea  behind  the  method  is  that  measurement  of  the  energies  of  both 
the  scattered  ion  and  the  recoiled  impurity  atom  in  coincidence  gives  the  same 
depth  information  as  that  obtained  by  the  conventional  measurement  of  the 
energy  and  scattering  angle  of  one  particle.  Thus  deiec'jrs  can  be  positioned 
very  close  to  the  sample,  so  that  the  counting  ef  * iciency  can  be  greaLly 
increased.  This  method  has  been  used  for  thin  Si  crystals,  and  will  be  tried 
for  diamond  films  soon. 


Ill . 


CONCLUSIONS 


Our  i mpl anL a L i on  doping  methods  hive  great  promise  to  achieve  p-  and  n- 
type  doping  in  diamond.  Results  with  B  and  preliminary  data  for  N  and  P  are 
encouraging.  Consequent  1 v.  viable  device  fabrication  is  possible.  Our  plasma 
etching  results  (as  wcii  as  those  oi  Ceis)  demonstrate  the  feasibility  of 
diamond  lithograpny.  Our  sputtering  method  to  improve  contact  adhesion  will 
facilitate  many  diamond  applications. 
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ION  IMPLANTATION  OF  BORON  IN  DIAMOND 


C.S.  SANDHU,  M.l.  SWANSON  and  W.K.  CHU 

University  of  North  Carolina,  Department  of  Physics  and  Astront 
Chapel  Hill,  NC  27599-3255,  USA 


ABSTRACT 

It  has  been  a  challenge  to  inject  dopant  atoms  onto  diamond  lattice  sites  by- 
ion  implantation,  because  of  the  complications  of  ion  damage  and  defect 
clustering  during  annealing.  We  re-investigated  this  topic  by  implanting 
boron  ions  into  an  insulating  natural  diamond  (  type  1 1 — A  )  which  was  pre¬ 
damaged  by  carbon  ion  implantation.  Both  of  the  implantations  were  performed 
at  liquid  nitrogen  temperature.  The  amount  of  pre-damage  was  adjusted  to 
produce  enough  vacancies  and  interst it ials  in  diamond  co  promote  boron 
substitutional ity  during  subsequent  annealing.  Samples  were  characterized  by 
optical  absorption  and  electrical  measurements.  It  was  found  that  optical 
absorption  of  the  implanted  samples  strongLy  depends  on  the  post  implant 
annealing  sequence.  The  activation  energies  obtained  from  electrical 
measurements  match  very  closely  to  those  due  to  boron  atoms  in  natural  p-type 
diamonds.  Photoconductivity  measurements  showed  that  the  fraction  of 
remaining  electrically  active  radiation  defects  in  the  implanted  and  annealed 
samples  depends  on  the  relative  fluences  of  boron  and  carbon. 


INTRODUCTION 

Diamond  based  semiconductor  devices  may  turn  out  to  be  of  significant 
importance  thanks  to  the  unique  physical  and  electronic  properties  of 
diamond.  Few  such  devices  have  been  realized  till  now  because  of  difficulties 
in  doping.  Standard  doping  techniques  such  as  diffusion  or  introduction  of 
impurities  during  crystal  growth  are  not  applicable  because  of  the  high 
temperatures  required  for  the  former  and  the  absence  of  any  reliable  technique 
for  the  latter.  Therefore,  the  most  promising  way  to  dope  diamond  in  a 
controlled  manner  is  by  means  of  ion  implantation.  So  far,  this  method  has 
yielded  only  limited  success  (1,2)  because  it  requires  finding  annealing 
conditions  which  will  drive  the  implants  into  electrically  active  sites  and 
restore  the  diamond  crystal  structure,  a  task  which  is  complicated  by  Che 
tendency  of  the  damaged  diamond  to  turn  into  graphite  [3,4],  When  the  ion 
dose  is  Low  enough  to  prevent  graphi t i zat i on ,  very  few  of  the  dopant  atoms  end 
up  in  electricalLy  active  sites  (1,4). 

It  has  been  shown  (5,6)  that  boron  is  responsible  for  the  semiconducting 
properties  of  p-type  natural  diamond  (type  II-B).  Consequent  1 y ,  it  is  very 
desirable  to  use  boron  as  a  test  case  for  achievement  of  implantation  doping 
of  insulating  natural  diamonds  (type  I I-A) .  A  number  of  groups  have  attempted 
to  achieve  p-type  doping  in  natural  diamonds  by  ion  implantation  of  boron  at 
room  temperature  (1,2)  as  well  as  at  high  temperatures  (2)  (  1200  °C  ), 
followed  by  annealing  up  to  1400  °C.  It  was  observed  that  although  high 
temperature  implantation  allowed  higher  doses  of  boron  to  be  implanted  with 
relatively  less  damage  to  the  diamond  lattice,  it  did  not  lead  to  higher 
fractions  of  dopant  atoms  in  electrically  active  sites.  This  could  result 
from  the  compensation  by  vacancy  clusters  in  the  lattice  left  in  the  aftermath 
of  the  implantation  and  annealing  cycle.  Once  formed,  these  vacancy  clusters 
are  very  difficult  to  eliminate. 
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Studies  on  carbon  ion  implantation  into  diamond  have  indicated  that  the 
radiation  damage  introduced  during  implantation  shows  characteristics  which 
are  strongly  dependent  on  the  sample  cemperature  during  the  implantation 
(7,8).  It  was  suggested  that  this  is  caused  by  the  non-di ff usabi 1 i t y  of  point 
defects  created  in  the  collision  cascades  at  low  temperatures  (for  example 
liquid  nitrogen  temperature),  whereas  at  room  and  higher  temperatures,  at 
least  some  of  the  interstitial  atoms  diffuse  out  of  the  implanted  layer 
leaving  behind  an  excess  of  vacancies.  This  suggests  the  possibility  of  using 
low  temperature  implantation  to  enhance  the  probabilty  of  interstitial  dopants 
occupying  vacant  lattice  sices  during  the  annealing  subsequent  to 
implantation,  as  suggested  by  Prins  [9).  In  addition  to  this,  some  of  the 
'frozen  in’  boron  projectiles  resulting  from  the  previous  boron  cascades 
spontaneously  combine  with  vacancies  in  the  later  collision  cascades.  In  the 
present  experiment,  through  the  use  of  carbon  implantation  at  77  K  we  have 
injected  vacancies  at  a  range  which  overlaps  subsequent  boron  implantation  at 
77  K,  thereby  enhancing  the  boron  substi tutional ity. 

EXPERIMENTAL 

We  have  implanted  insulating  natural  diamonds  (  type  II-A  )  with  carbon 
atoms  with  and  without  subsequent  boron  implantation  at  liquid  nitrogen 
temperature,  Type  II-A  diamonds  of  dimensions  3x3x0.25  mm  were  cleaned  in  hot 
chromic  acid  prior  to  implantation.  After  implantation  some  of  the  diamonds 
were  subjected  to  isochronal  annealing  in  vacuum  (  5x10”°  Tore  )  in  the 
temperature  range  of  300  to  900  °C  and  others  were  subjected  to  rapid  thermal 
anneal  at  1100  °C  for  2  minutes.  The  implantation  energies  were  selected  so 
as  to  match  the  range  of  boron  ions  to  that  of  the  vacancy  distribution 
produced  by  the  previous  carbon  implantation.  This  was  achieved  with  the  help 
of  computer  simulations  using  the  TRIM-88  program  [10].  The  probability  of 
boron  atoms  occupying  vacant  sites  in  the  lattice  is  expected  to  be  enhanced 
during  irradiation  and  post  implant  annealing  if  most  of  the  boron  atoms  are 
in  the  vacancy-rich  region.  This  argument  is  not  applicable  in  the  case  when 
only  boron  is  implanted.  The  various  implantations  into  type  II-A  diamonds 
are  summarized  in  table  I. 


TABLE  I 


SAMPLE 

IMPLANTED  ION 

ENERGY  (keV) 

DOSE  (atoms/cm^) 

1 

C 

200 

2xl015 

2 

c 

200 

2xl0w 

followed  by 

B 

120 

lxlO14 

3 

C 

200 

3xl015 

followed  by 

B 

120 

lxlO15 

A 

C 

20C 

2xl015 

followed  by 

B 

120 

3xl014 

5 

C 

200 

3xl014 

followed  by 

B 

120 

lxlO15 

All  the  implantations  were  done  at  liquid  nitrogen  temperature,  and  the 
samples  3  and  5  were  then  brought  to  room  temperature  gradually.  The  samples 
1,  2  and  A  were  rapidly  brought  to  1100  °C  from  liquid  nitrogen  temperature. 
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All  the  optical  measurements  were  performed  at  room  temperature  in  the 
transmission  mode.  Photoconductivity  measurements  were  done  on  samples  3  and 
5  at  room  temperature  using  a  Xenon  lamp  and  a  monochromator  to  scan  the 
wavelength  region  between  350  nm  to  700  nm. 


RESULTS  AND  DISCUSSION 

The  optical  absorption  spectra  of  all  the  diamonds  were  measured  before 
and  after  ion  implantation  followed  by  room  temperature  annealing,  and  after 
higher  temperature  annealing  in  some  cases.  The  results  of  these  measurements 
are  shown  in  figures  1  and  2.  Figure  1  compares  the  absorption  spectrum  of 
samples  1  and  2  in  the  UV-VIS  region  after  RTA  and  furnace  annealing.  It 
shows  the  radiation  damage  induced  absorption  band  (CRI )  (5,11]  after 
implantation.  The  gradual  annealing  of  the  radiation  damage  has  been  observed 
to  appear  as  a  decrease  in  absorption  of  the  CRI  band  and  a  more  dramatic 
upward  movement  of  the  absorption  edge  at  220  nm  (12).  The  samples  implanted 
with  boron  have  higher  transmission  near  Che  absorption  edge  which  could 
result  from  compensation  of  CRI  defect  centers  by  acceptor  levels  induced  by 
substitutional  boron.  This  behaviour  has  been  observed  in  natural  p~type 
diamonds  containing  substitutional  boron  atoms  113}. 

The  absorption  spectra  for  sample  4  at  different  stages  of  annealing  in 
the  far  infrared  region  is  shown  in  figure  2.  The  large  absorption  band 
around  2200  cm  is  due  to  two  phonon  absorption  by  carbon  atoms  in  the 
diamond  lattice  (14]  and  is  present  in  all  diamonds.  The  most  intriguing 
feature  of  the  spectra  appeared  at  1064  cm  after  implantation  and  RTA.  This 
absorption  band  was  absent  before  implantation  and  is  seen  only  when 
imolantation  was  followed  by  RTA  at  1100°C.  It  disappeared  after  980  °C 
annealing  for  45  minutes  in  all  the  samples.  This  absorption  was  not  observed 
when  samples  were  gradually  brought  to  room  temperature  after  implantation  and 
then  annealed.  We  tentatively  believe  that  the  absorption  band  around  1064 
cm  is  related  to  nitrogen  similar  to  the  bands  observed  in  the  case  of  type 
IA  natural  diamonds  containing  large  amounts  of  nitrogen  [15].  The  trace 
amounts  of  nitrogen  clusters  present  in  our  samples  presumably  dissociated 
during  RTA. 

The  results  of  the  resistance  versus  temperature  measurements  done  on 
samples  3  and  5  are  shown  in  figure  3.  The  three  orders  of  magnitude 
difference  in  resistance  between  samples  3  and  5  is  significant  in  the  light 
of  the  fact  that  they  received  the  same  boron  fluence.  The  higher  carbon 
fluence  in  the  case  of  sample  3  produced  larger  numbers  of  vacancies  which 
enhanced  the  probability  of  a  bcron  atom  to  go  into  a  substitutional  site 
during  the  annealing  cycle.  Both  of  the  samples  demonstrated  low  activation 
energies  at  room  temperature  which  are  thought  to  be  caused  by  conduction 
through  the  variable  range  hopping  mechanism.  However,  a  larger  activation 
energy  (0.37  eV)  characteristic  of  p-type  conduction  by  boron  doped  natural 
diamonds  was  observed  at  higher  temperatures.  The  0.86  eV  activation  in  the 
case  of  sample  3  is  due  to  interplay  between  substitutional  boron  atoms  and 
residual  defects  in  diamond  (16]. 

Figure  4  shows  the  photo-resistance  of  sample  5  as  a  function  of 
wavelength  of  the  incident  light.  The  decrease  in  the  resistance  in  the 
presence  of  blue  to  u.v.  light  is  caused  by  creation  of  holes  by  ionization  of 
CRI  defect  centers  in  diamond  (17J.  The  most  striking  feature  of  the 
measurement  was  the  increase  in  the  resistance  of  the  sample  to  values  higher 
than  dark  resitance  in  the  presence  of  yellow  to  red  light  with  a  peak  at  600 
nm.  This  could  happen  due  to  the  light  induced  enhancement  in  the  hole 
capture  cross-section  of  CRI  defects  in  diamond.  After  the  photoconductivity 
measurements,  the  dark  resistance  of  the  sample  did  not  go  to  the  same  value 
as  hefcre  the  experiment.  The  resistance  did  however  decrease  to  the  normal 
value  after  the  sample  was  annealed  at  room  temperature  for  a  few  days. 
F . :  .*  i  •  .*  r  studies  to  determine  the  mechanism  causing  this  phenomenon  are  in 
pr^g.-ess.  However,  the  absence  of  any  measurable  photoconductivity  for  blue 
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FIG.  1.  U.V. -visible  absorption  spectra  of  samples  1  and  2  (see  Table  I) 

after  implantations  at  7 7 K ,  RTA  at  1100  °C  and  furnace  annealing  at 
980  °C  for  45  minutes.  Sample  2  (implanted  with  boron)  showed 
different  absorption  characteristics  compared  to  sample  1  implanted 
wich  carbon  only.  For  comparison,  an  absorption  spectrum  for  an 
unimplanted  sample  is  also  shown. 


FIC.  2.  1.8,  absorption  spectra  of  diamond  implanted  with  200  keV  carbon  ions 

and  120  keV  boron  ions.  The  sample  was  held  at  77K  during 
implantation  and  then  rapidly  brought  to  1100  °C.  The  absorption 
peak  at  1064  cm-1  disappeared  after  980  °C  annealing  for  45  minutes. 
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to  u.v.  light  in  sample  3  indicates  that  the  majority  of  the  carriers  are 
produced  by  substitutional  boron  acceptors  and  that  most  of  the  residual 
damage  is  compensated  by  boron  acceptor  centers. 

CONCLUSIONS 

We  have  shown  that  substitutional  boron  is  produced  by  low  temperature 
implantation  followed  by  high  temperature  annealing.  The  optical  aosorption 
of  implanted  samples  was  found  to  strongly  depend  on  the  post  implant 
annealing  sequence  as  well  as  the  relative  dose  of  boron  to  carbon  ions. 
Electrical  measurements  indicated  the  presence  of  substitutional  boron  in 
implanted  samples.  Photo-conductivity  measurements  indicated  that  the  ratio 
of  substitutional  boron  to  residual  vacancies  is  large  and  dependent  on 
relative  fluences.  The  number  of  residual  vacancies  in  the  lattice  after 
annealing  would  tend  to  compensate  p-type  boron  atoms  and  therefore  would  play 
a  major  role  in  determining  the  degree  of  success  in  doping  of  diamond. 
Further  work  to  understand  the  results  of  IR  absorption  and  photo-conductivity 
measurements  are  in  progress. 
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ABSTRACT 

We  have  implanlea  boron  ions  into  insulating  natural  diamonds  (type  I1- a;  which  were 
predamaged  by  carbon  ion  implaniation  to  enhance  the  doping  efficiency.  Boin 
implantations  were  performed  at  liquid  nitrogen  temperature.  Samples  which  were 
subjected  to  rapid  thermal  annealing  (RTA)  at  1100  °C  showed  an  optical  absorption  peak 
al  2962  cm’1  similar  lo  the  one  observed  in  natural  semiconducting  diamonds.  The  most 
intriguing  feature  oi  the  spectra  appeared  as  an  absorption  band  around  1054  cm-1.  The 
aclivalion  energies  obtained  from  electrical  measurements  were  found  to  decrease  with 
the  increasing  boron  fluence.  We  have  obtained  resistivities  of  200  ohm-cm  in  samples 
with  starling  theoretical  resistivities  of  the  order  1017  ohm-cm. 

INTRODUCTION 


Ion  implantation  is  the  most  promising  technique  to  dope  diamonds  in  a  controlled 
manner.  So  far,  this  method  has  yielded  only  limited  success1  2  because  it  requires 
finding  annealing  conditions  which  will  drive  the  implanted  atoms  in tc  electrically 
aclive  Sites  and  restore  the  diamond  crystal  structure,  a  task  which  is  complicated  by 
Ihe  tendency  of  the  damaged  diamond  fo  lurn  into  graphite-5-11  When  the  ior.  dose  is  low 
enough  to  prevent  graphiliialion,  very  few  of  Ihe  dopant  atoms  end  up  m  electrically 
aclive  sites1’4. 

It  has  been  shown5’6  that  boron  is  responsible  for  'me  semiconducting  properties 
of  p-type  natural  diamond  (type  ll-B)  A  number  of  aliempts  lo  achieve  p-type  doping 
in  natural  diamonds  by  ion  implantation  of  boron  al  room  temperature'’2  as  well  as  as 
high  temperatures2  (  1200  °C  ),  followed  by  annealing  up  to  1400  °C  have  met  only 
with  a  limited  success.  It  was  observed  that  although  at  high  temperatures  one  could 
implant  higher  doses  ol  boron  with  relatively  less  damage  to  ihe  diamond  lattice,  it  did 
not  lead  to  higher  fractions  ol  dopani  atoms  in  electrically  active  sites  This  could  result 
from  Ihe  compensation  by  deep  electronic  levels  caused  by  residual  tie'sets  in  the 
aflormalh  of  Ihe  implantaiion  and  annealing  cycle. 
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f. 

li  has  been  observed  Dial  the  radiation  dan-age  miioduced  cur.ng  carbon 
impiar-'aiion  into  diamond  shows  characteristics  which  are  strongly  dependent  on  the 
sanpte  lomceralure  during  the  implantation?'8.  It  was  suggested  that  this  is  caused  by 
the  non-c:;' usability  o!  point  delects  crea.ed  in  the  collision  cascades  at  low 
temcc'ctures  (lor  example  liquid  nitrogen  temperature}  whereas  at  room  and  higher 
temperatures,  at  least  some  o(  the  interstitial  atoms  Cif'use  out  of  the  implanted  layer 
leaving  behind  an  excess  o(  vacancies.  This  suggests  the  possibility  c:  using  low 
temperature  implantation  to  enhance  the  probability  ot  dopants  occupying  vacant  lattice 
sites  during  annealing9. 


TABLE  I.  Summary  of  process  parameters  for  various  Ion  Implantations  into  diamond. 
'  See  reference  1 1  for  details  on  samples  f  and  If. 


SAMPLE  IMPLANTED  ION 

ENERGY  (keV) 

FLUENCE  (aloms/cm2) 

1 

C 

200 

2x10''  5 

2 

C 

200 

2x10'  5 

followed  by 

B 

120 

1x1014 

3 

C 

200 

2X101  5 

fcilov/ed  by 

B 

120 

3x10' 4 

‘t 

C 

200 

2x1 01 5 

followed  by 

B 

120 

6x10' 4 

1 

C 

200 

3x1  C'4 

followed  by 

8 

120 

1x10'  5 

1 1 

C 

200 

2x10'  5 

followed  by 

B 

120 

1x10'  5 

EXPERIMENTAL 

We  implanted  insulating  natural  diamonds  (  type  1 1 -A  )  with  carbon  atoms  with 
and  without  subsequent  boron  implantation  at  liquid  nitrogen  temperature.  Type  II  -  A 
diamonds  of  dimensions  3x3x0.25  mm  were  cleaned  in  hot  chromic  acid  prior  tc 
m-.planlation  The  implantation  energies  were  selected  so  as  to  match  the  range  ot  boron 


ions  to  Ihm  of  me  vacancy  distribution  produced  by  the  previous  carbon  implantation 
Ttie  probability  c'  boron  atoms  occupying  vacant  sites  in  the  lattice  is  expected  to  be 
entranced  durinc  mediation  and  post  implant  annealing  it  most  ot  Hie  boron  atoms  are  in 
the  vacancy-rich  -agioc.  This  argument  is  net  applicable  in  the  case  who.-  only  boron  is 
implanted-  Tire  various  implantations  into  type  1 1- A  diamonds  are  summarized  in  table  I. 
Alter  implantation  the  diamonds  were  subjected  to  rapid  thermal  annealing  at  1 1CO  °C 
tor  2  minutes.  The  samples  were-  kept  at  77  K  between  the  implantation  and  annealing 
steps  AH  the  samples  were  then  partially  masked  and  implanted  with  65  .-.eV  boron  ions 
to  3x1016  /cm2  z:  room  temperature  in  order  to  make  ohmic  contacts  to  (he  implanted 
layer.  After  opt. oat  measurements,  some  of  the  samples  were  furnace  annealed  at  530 
°C  for  45  minutes. 

RESULTS  AND  DISCUSSION 

The  optical  absorption  spectra  ol  all  the  diamonds  were  measured  before  and  after 
ion  implantation  followed  by  RTA  and  contact  implantation.  Figure  1  shows  the 
absorption  spectra  lor  sample  4  in  the  tar  infrared  region  taken  after  implantation  and 
RTA.  The  large  absorption  band  around  2200  cm'1  is  due  to  two  phonon  absorption  by 
carbon  atoms  in  the  diamond  lattice10  and  is  present  in  all  diamonds.  The  absorption 
peak  at  2962  cm-1  is  very  close  to  the  one  observed  to  occur  in  natural  semiconducting 
diamond  due  to  substitutional  boron  impurities10.  The  most  intriguing  feature  of  the 
spectra  appeared  as  a  band  around  1064  cm'1  for  all  three  boron  implanted  samples 
with  much  more  detailed  features  visible  in  the  case  of  sample  4.  This  absorption  band 
was  absent  before  implantation  and  was  seen  only  when  implantation  was  lollowed  by 
RTA  at  1100  °C.  It  disappeared  after  980  °C  annealing  for  45  minutes  in  the  samples  2 
and  3.  This  absorption  was  not  observed  in  a  similar  study11,  when  samples  were 
gradually  brought  to  room  temperature  after  implantation  and  then  furnace  annealed. 
One  could  explain  the  absorption  band  around  1064  cm'1  as  being  related  to  nitrogen 
similar  to  the  bands  observed  in  the  case  of  type  IA  natural  diamonds  containing  large 
amounts  ol  nitrogen12.  The  trace  amounts  of  nitrogen  clusters  present  in  our  samples 
presumably  dissociated  during  RTA.  On  the  other  hand,  the  obvious  relationship  between 
this  band  and  the  boron  tluence  tends  lo  suggest  that  implanted  boron  atoms  are  somehow 
directly  involved  in  producing  this  absorption  band.  There  is  no  report  in  the  literature 
about  this  apparently  new  type  ol  absorption  center  in  radiation  damaged  diamonds. 

The  results  of  the  resistance  versus  temperature  measurements  done  on  samples 
2  and  3  are  shown  in  figure  2.  Both  of  the  samples  demonstrated  low  activation  energies 
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FIG.1  I.R.  absorplion  spectra  of  sample  4  (see  Tabie  I)  alter  implantation  plus  RTA.  The 
sample  was  held  at  77  K  during  implantation  and  then  rapidly  heated  to  1100  °C. 


FIG. 2  Electrical  resistance  versus  reciprocal  temperature  for  samples  2  and  3  (see 
Table  I)  after  1100  °C  RTA  and  S80  °C  annealing  for  45  minutes  For 
comparison,  the  plots  lor  samples  I  and  II  (see  Table  I)  which  weretbroughf  to 
room  temperature  after  implantation  and  then  furnace  annealed  upto  900  °C  are 
also  shown1 1 


a;  room  temperature  which  arc  attributed  to  cer.dyction  through  .a  >•  range  bor.bir.g 
o ;*%" c* r '  acceptor  centers  orocucco  cy  subs-  tuPonal  bore*  atoms’-  ?os:;,:.i  of 
io. 5  sample  i  implanted  only  with  carbon  was  greater  than  2x:Z  ■'  cbm.;..  ■ .-. e r 

supports  our  conclusion  that  most  of  :he  carriers  were  gensra'.os  b«  subs'.:-..-;  c.nai 

srrpninr  i‘  jo  ^jgs'iiJicsn*  \''Z\  the  roSiSlivtly  h  cCt.vflliC''  o  n  9 r ;; ,  of 

sample  3  which  received  a  higher  boron  dose  lower  lhan  that  c;  sample  2  .Me-' ever, 

these  samples  did  nol  demonslraic  the  range  c'  activation  energies  seen  in  ihe  case  Alien 
samples  were  implanted  under  similar  conditions  and  gracua  y  annealed  ic  .-..ghor 
temperatures  (samples  l  and  li  in  Table  I  anc  figure  2)9-'’-14.  We  be'ieve  that  m  s  is 
cue  to  more  efficient  vacancy  i n t e r s 5 i 1 1 a :  reccmbinauon  curing  RTA  performed 
immediately  after  the  77  K  implantation  During  RTA,  both  interstitials  and  vacancies 
became  mobile  Ihus  enhancing  the  effective  cross-section  ter  vacancy-interstitial 
recombination.  Our  recent  RBS/channeling  results  have  shown  that  most  of  the  low 
temperature  implantation  damage  is  annealed  out  during  RTA15.  Consequently,  we  were 
able  to  obtain  the  same  range  of  resistivities  with  a  much  lower  boron  lluence  than  in 
our  previous  experiments  (samples  I  and  II  in  Table  I  and  figure  2)'-  ;. 

CavOJJSiONS 

In  summary,  through  ihe  use  of  carbon  implantation  at  77  K  we  injected 
vacancies  at  a  depth  which  overlapped  subsequent  boron  implantation  a!  77  K,  thereby 
enhancing  the  boron  substitutionality.  Moreover,  we  heated  the  samples  rapidly  from 
77  K  to  1100  °C  after  implantation,  thereby  further  increasing  the  probability  of 
vacancy-interstitial  recombination.  Compared  with  Ihe  eariier  iurnace  annealed 
samples,  this  technique  produced  lower  resistivities  and  activation  energies  a!  lower 
boron  fluences,  indicating  higher  activation  ol  boron  atoms.  I.nfrarec  absorption 
measurements  revealed  an  absorption  peak  at  2962  cm’1  which  is  very  close  to  the  one 
observed  in  natural  boron  doped  semiconducting  diamonds  12932  cm-1).  An  optical 
absorption  band  at  1064  cm-1  was  observed  alter  implantation  and  RTA  which 
disappeared  after  subsequent  furnace  annealing  Further  work  to  e/plain  the  data  ol  IP. 
absorplion  is  in  progress. 
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Doping  of  diamond  by  coimplantation  of  carbon  and  boron 
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We  have  implanted  boron  ions  into  insulating  natural  diamonds  which  were  predamaged  by 
carbon  ion  implantation  in  order  to  enhance  the  doping  efficiency.  All  implantations  were 
performed  at  liquid-nitrogen  temperature.  Subsequent  rapid  thermal  annealing  at  1 100  °C 
produced  strong  new  optical  absorption  bands  near  1060  cm"',  and  a  sharp  absorption  at  2962 
cm- 1  (0.37  eV)  which  is  close  to  that  attributed  to  substitutional  boron  in  type  IIB  diamond. 
We  obtained  resistivity  of  the  order  of  100  fl  cm  and  carrier  activation  energy  of  0. 1  eV  for  a 
sample  implanted  with  2  X  1015  C  and  3  X  10u  B  per  cm2,  indicating  a  high  substitutional 
fraction  of  boron  atoms. 
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It  is  very  difficult  to  dope  diamonds  by  standard  diffu¬ 
sion  techniques  because  of  the  high  melting  temperature  of 
diamond.  Ion  implantation  is  the  most  promising  technique 
to  dope  diamond  in  a  controlled  manner.  So  far,  this  method 
has  yielded  only  limited  success1,2  because  it  requires  finding 
annealing  conditions  which  will  drive  the  implanted  atoms 
into  electrically  active  sites  and  restore  the  diamond  crystal 
structure,  a  task  which  is  complicated  by  the  tendency  of  the 
damaged  diamond  to  turn  into  graphite.3,4 

It  has  been  shown5,6  that  boron  is  responsible  for  the 
semiconducting  properties  of /7-type  natural  diamond  (type 
IIB) .  A  number  of  attempts  to  achieve  /7-type  doping  in  nat¬ 
ural  diamonds  by  ion  implantation  of  boron  at  room  tem¬ 
perature1,2  as  well  as  at  high  temperatures2  (1200°C),  fol¬ 
lowed  by  annealing  up  to  1400 °C  have  met  only  with  a 
limited  success.  It  was  observed  that  although  at  high  tem¬ 
peratures  one  could  implant  higher  doses  of  boron  with  rela¬ 
tively  less  damage  to  the  diamond  lattice,  this  procedure  did 
not  lead  to  higher  fractions  of  dopant  atoms  in  electrically 
active  sites.  This  could  result  from  the  compensation  by  deep 
electronic  levels  caused  by  residual  defects  in  the  aftermath 
of  the  implantation  and  annealing  cycle. 

It  has  been  observed  that  the  radiation  damage  intro¬ 
duced  during  carbon  implantation  into  diamond  shows 
characteristics  which  are  strongly  dependent  on  the  sample 
temperature  during  the  implantation.7,8  It  was  suggested 
that  this  is  caused  by  the  nondiffusability  of  point  defects 
created  in  the  collision  cascades  at  low  temperatures  (for 
example,  liquid-nitrogen  temperature)  whereas  at  room  and 
higher  temperatures,  at  least  some  of  the  interstitial  atoms 
diffuse  out  of  the  implanted  layer  leaving  behind  an  excess  of 
vacancies.  This  suggests  the  possibility  of  using  low  tempera¬ 
ture  implantation  to  enhance  the  probability  of  dopants  oc¬ 
cupying  vacant  lattice  sites  during  annealing.9  In  addition  to 
this,  during  the  low-temperature  implantation,  some  of  the 
“frozen-in”  boron  projectiles  resulting  from  the  previous  bo¬ 
ron  cascades  spontaneously  combine  with  vacancies  in  the 
later  collision  cascades. 

We  implanted  insulating  natural  diamonds  (type  II A) 
with  carbon  atoms  with  and  without  subsequent  boron  im- 
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plantation  at  liquid-nitrogen  temperature.  Type  IIA  dia¬ 
monds  of  dimensions  3x3x0.25  mm  were  cleaned  in  hot 
chromic  acid  prior  to  implantation.  The  implantation  ener¬ 
gies  were  selected  so  as  to  match  the  range  of  boron  ions  to 
that  of  the  vacancy  distribution  produced  by  the  previous 
carbon  implantation.  The  probability  of  boron  atoms  occu¬ 
pying  vacant  sites  in  the  lattice  is  expected  to  be  enhanced 
during  irradiation  and  post-implant  annealing  if  most  of  the 
boron  atoms  are  in  the  vacancy-rich  region.  This  argument  is 
not  applicable  in  the  case  when  only  boron  is  implanted.  The 
various  implantations  into  type  IIA  diamonds  are  summar¬ 
ized  in  Table  I.  After  implantation  the  diamonds  were  sub¬ 
jected  to  rapid  thermal  annealing  (RTA)  in  Ar  at  1100°C 
for  2  min.  The  samples  were  kept  at  77  K  between  the  im¬ 
plantation  and  annealing  steps.  All  the  samples  were  then 
partially  masked  and  implanted  with  65  keV  boron  ions  to 
3  X  10l6/cm2  at  room  temperature  in  order  to  make  ohmic 
contacts10  to  the  implanted  layer.  After  optical  measure¬ 
ments,  the  samples  were  furnace  annealed  at  980  °C  for  45 
min. 

Figure  1  shows  the  absorption  spectra  for  sample  4  in 
the  far-infrared  region  taken  after  implantation  and  RTA. 
The  large  absorption  band  around  2200  cm-1  is  due  to 
phonon  absorption  by  carbon  atoms  in  the  diamond  lattice1 1 
and  is  present  in  all  diamonds.  The  absorption  peak  at  2962 


TABLE  1.  Summary  of  process  parameters  for  various  ion  implantations 
into  diamond.  See  Ref.  12  for  details  on  samples  I  and  II. 


Sample 

Implanted  ion 

Energy 

(keV) 

Fluence 

( 10'5  atoms/cm:) 

1 

C 

200 

2 

2 

C 

200 

2 

followed  by 

B 

120 

0.1 

3 

C 

200 

2 

followed  by 

B 

120 

0.3 

4 

C 

200 

2 

followed  by 

B 

120 

0.6 

5 

C 

200 

2 

followed  by 

B 

120 

1 

I 

C 

200 

3 

followed  by 

B 

120 

1 

II 

C 

200 

0.3 

followed  by 

B 

120 

1 
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WAVENUMBERS  (cm-1) 

FIG.  I .  IR  absorption  spectra  of  sample  4  after  implantation  plus  RTA.  The 
sample  was  held  at  77  K  during  implantation  and  then  rapidly  heated  to 
1 100  *C.  For  comparison,  the  spectra  of  type  IA  and  IIB  diamonds  in  the 
region  of  interest  are  also  shown. 

cm'1  (0.37  eV)  is  very  close  to  the  one  observed  to  occur  in 
natural  semiconducting  diamond  due  to  substitutional  bo¬ 
ron  impurities.1 1  The  difference  in  absorption  characteristics 
and  a  shift  of  5  meV  in  the  implanted  samples  could  arise 
because  of  the  Jahn-Teller  distortions  due  to  insufficient  an¬ 
nealing  after  implantation. 

The  most  intriguing  feature  of  the  spectra  appeared 
from  800  to  1 300  cm'1  (largest  band  near  1060  cm- 1 )  and 
was  seen  only  when  implantation  was  followed  by  RTA  at 
1100’C.  This  absorption  was  not  observed  in  a  similar 
study,12  when  samples  were  gradually  brought  to  room  tem¬ 
perature  after  implantation  and  then  furnace  annealed.  Both 
the  2962  and  1060  cm" 1  absorptions  increased  for  sample  5 
(Table  I)  which  received  a  higher  boron  fluence.  One  could 
explain  the  absorption  band  around  1060  cm  - 1  as  being  re¬ 
lated  to  nitrogen  similar  to  the  bands  (also  shown  in  Fig.  1 ) 
observed  in  the  case  of  type  IA  natural  diamonds  containing 
large  amounts  of  nitrogen.13  On  the  other  hand,  the  obvious 
differences  in  energy  of  the  absorption  bands  for  implanted 
and  type  IA  diamond  and,  the  observed  increase  in  intensity 
of  this  band  with  boron  fluence  tends  to  suggest  that  the 
implanted  boron  atoms  are  somehow  directly  involved  in 
producing  this  absorption  band.  There  is  no  report  in  the 
literature  about  this  apparently  new  type  of  absorption  cen¬ 
ter  in  radiation-damaged  diamonds. 

The  results  of  the  resistance  versus  temperature  mea¬ 
surements  done  on  samples  2  and  3  are  shown  in  Fig.  2.  Both 
of  the  samples  demonstrated  low  activation  energies  at  room 
temperature  which  are  attributed  to  conduction  through 
variable  range  hopping14  between  acceptor  centers  produced 
by  substitutional  boron  atoms.15'17  It  has  been  observed  that 
for  heavily  doped  natural,16  synthetic,'6 18  and  chemical  va¬ 
por  deposited1’  diamonds,  impurity  band  conduction  is  the 
dominant  conduction  process  which  accounts  for  the  wide 
range  of  activation  energies  seen  in  those  experiments.  The 


FIG.  2.  Electrical  resistance  vs  reciprocal  temperature  for  samples  2  and  3 
after  1 100  *C  RTA  and  980  'C  annealing  for  45  min.  For  comparison,  the 
plots  for  samples  I  and  II  (see  Table  I)  which  were  brought  to  room  tem¬ 
perature  after  implantation  and  then  furnace  annealed  up  to  900  ‘C  are  also 
shown. 


resistance  of  sample  1,  implanted  only  with  carbon,  was 
greater  than  2X  10 13  fl,  which  further  supports  our  conclu¬ 
sion  that  most  of  the  carriers  were  generated  by  substitution¬ 
al  boron  acceptor  levels.  It  is  significant  that  the  resistivity 
and  activation  energy  of  sample  3  which  received  a  higher 
boron  dose  are  lower  than  that  of  sample  2.  Moreover,  these 
samples  did  not  demonstrate  the  range  of  activation  energies 
seen  in  the  case  when  samples  were  implanted  under  similar 
conditions  and  gradually  annealed  to  higher  temperatures 
(samples  I  and  II  in  Table  I  and  Fig.  2).912,20  It  is 
noteworthy  that  samples  I  and  II  showed  activation  energies 
around  0.37  eV  at  higher  temperatures  which  is  known  to  be 
caused  by  the  ionization  of  substitutional  boron  acceptors  in 
diamond.16,17  Therefore,  unlike  in  the  case  of  RTA  samples, 
the  substitutional  boron  atoms  in  the  furnace-annealed  sam¬ 
ples  were  presumably  not  sitting  close  enough  in  the  dia¬ 
mond  lattice  for  an  appreciable  overlap  of  electron  wave 
functions  to  occur.  We  believe  that  this  is  due  to  more  effi¬ 
cient  vacancy  interstitial  recombination  during  RTA  per¬ 
formed  immediately  after  the  77  K  implantation.  During 
RTA,  both  interstitials  and  vacancies  became  mobile  thus 
enhancing  the  effective  cross  section  for  vacancy-interstitial 
recombination.  Our  recent  Rutherford  backscattering/ 
channeling  results  have  shown  that  most  of  the  low-tem¬ 
perature  implantation  damage  is  annealed  out  during 
RTA.21  Consequently,  we  were  able  to  obtain  the  same  range 
of  resistivities  with  a  much  lower  boron  fluence  than  in  our 
previous  experiments  (samples  I  and  II  in  Table  I  and  Fig. 
2). 12 

Photoconductivity  measurements  were  done  at  room 
temperature  using  a  xenon  arc  lamp  and  a  monochromator 
to  scan  the  wavelength  region  between  300  and  700  nm.  Fig- 
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FIG.  3.  Electrical  resistance  vs  wavelength  of  incident  light  at  room  tem¬ 
perature  for  samples  I  and  2  (inset)after  1 100  ’C  RTA  and  980  'C  anneal¬ 
ing  for  45  min 


ure  3  shows  the  photoresistance  of  samples  1  and  2  as  a  func¬ 
tion  of  wavelength  of  the  incident  light.  The  decrease  in  the 
resistance  of  sample  1  in  the  presence  of  blue  to  UV  light  is 
caused  by  creation  of  holes  through  ionization  of  GR 1  defect 
centers  in  diamond,22  which  are  deep  levels  attributed  to 
vacancy  clusters  in  diamond.  Sample  2  showed  a  much 
smaller  change  in  resistance  as  shown  in  Fig.  3  ( inset ) .  How¬ 
ever,  sample  3  showed  an  absence  of  measurable  photocon¬ 
ductivity  for  blue  to  UV  light,  indicating  that  the  GR1 
centers  were  overcompensated  by  the  shallower  boron  ac¬ 
ceptors.  In  general,  the  residual  vacancies  in  the  lattice  after 
annealing  compensate  boron  acceptor  atoms  and  therefore 
would  play  a  major  role  in  determining  the  degree  of  success 
in  doping  of  diamond. 

In  summary,  through  the  use  of  carbon  implantation  at 
77  K  we  injected  vacancies  at  a  depth  which  overlapped  sub¬ 
sequent  boron  implantation  at  77  K,  thereby  enhancing  the 
boron  substitutionality.  Moreover,  we  heated  the  samples 
rapidly  from  77  K  to  1100°C  after  implantation,  thereby 
further  increasing  the  probability  of  vacancy-interstitial  re¬ 
combination.  Compared  with  the  earlier  furnace  annealed 
samples,  this  technique  produced  lower  resistivities  and  acti¬ 


vation  energies  at  lower  boron  fluences,  indicating  higher 
substitutionality  of  boron  atoms.  Photoconductivity  mea¬ 
surements  confirmed  that  a  majority  of  the  carriers  were 
produced  by  substitutional  boron  acceptors.  Optical  absorp¬ 
tion  bands  near  1 060  cm  - 1  were  observed  after  implantation 
and  RTA.  Further  work  to  understand  the  IR  absorption 
data  is  in  progress. 

This  work  is  supported  by  the  Office  of  Naval  Research 
contract  N00014-87-K-0243.  We  thank  J.  F.  Prins  at  Uni¬ 
versity  of  the  Witwatersrand,  South  Africa  for  useful  dis¬ 
cussions.  Ion  implantation  was  done  in  the  microelectronics 
laboratory  at  North  Carolina  State  University  and  optical 
measurements  were  performed  at  Research  Triangle  Insti¬ 
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Reactive  ion  etching  of  diamond 
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A  reliable  means  of  removing  surface  layers  of  diamond  is  of  significant  importance  for 
microelectronics  as  well  as  for  other  applications  such  as  polishing  of  the  diamond  surface. 
Preliminary  studies  using  reactive  ion  etching  with  02  and  H2  showed  etching  rates  of  the 
order  of  560  A/min  for  thin  carbon  films  and  350  A/min  for  natural  type  II-A  diamonds  using 
300  eV  oxygen  ions.  Addition  of  a  substantial  percentage  of  Ar  to  oxygen  in  the  reaction 
chamber  did  not  affect  the  etching  rate. 


Since  diamond  is  chemically  inert  and  is  the  hardest 
material  known  to  man,  a  reliable  means  of  removing  surface 
layers  of  diamond  in  a  controlled  manner  is  a  difficult  prob¬ 
lem,  but  nonetheless  is  of  significant  importance  for  micro¬ 
electronics  as  well  as  for  other  applications  such  as  gem  po¬ 
lishing.  Reactive  ion  etching  (RIE)  in  conjunction  with 
photolithography  might  be  the  most  suitable  technique  for 
fabrication  of  various  device  structures  on  diamond  for  mi¬ 
croelectronics  applications.  Diamond-based  semiconductor 
devices1,2  may  turn  out  to  be  of  significant  importance  due  to 
the  unique  physical  and  electrical  properties  of  diamond. 
The  recent  success  with  the  growth  of  chemical  vapor  depos¬ 
ited  diamond  has  made  it  possible  to  consider  diamond  as  an 
economically  feasible  material  for  such  applications. 

Ion  beam  assisted  etching  of  diamond  using  a  2  keV 
Xe+  beam  and  a  reactive  gas  flux  of  nitrogen  dioxide  has 
been  reported  in  the  literature.3  The  etching  rate  was  ob¬ 
served  to  vary  from  500  A/min  at  100  *C  to  2000  A/min  at 
0  *C.  In  addition,  sputtering  of  diamond  with  argon  and  oxy¬ 
gen  ion  beams  has  been  reported.4  It  was  found  that  the  sput¬ 
ter  yield  of  oxygen  ions  varied  with  the  incident  angle  of  ions 
and  that  increasing  the  energy  of  oxygen  ions  from  0.5  to  1 .0 
keV  did  not  necessarily  lead  to  an  increase  in  sputter  yield. 

We  have  studied  the  reactive  ion  etching  with  02  and  H2 
for  the  etching  of  diamond  surfaces.  The  experiments  were 
carried  out  in  a  RIE  system  model  1000  TP  manufactured  by 
the  Semi  group.  Most  of  the  etching  was  performed  at  200- 
300  W  rf  power  with  a  gas  flow  of  40-80  cc/min  and  a  vacu¬ 
um  of  65-80  mTorr  inside  the  chamber.  The  dc  voltage  in¬ 
duced  between  the  electrodes  in  the  plasma  was  found  to 
depend  on  the  gas  species  inside  the  chamber  and  was  gener¬ 
ally  larger  for  oxygen  compared  to  hydrogen  for  the  same 
process  conditions.  In  order  to  make  use  of  the  more  expen¬ 
sive  diamond  substrates  efficiently,  most  of  the  etching  was 
done  on  thin  (0.25-l.0^m)  amorphous  carbon  films  depos¬ 
ited  on  glass  slides.  The  diamond  samples  were  included  in 
some  of  the  process  runs  and  the  etching  rate  was  found  to  be 
proportional  to  that  for  amorphous  carbon  films.  The  pro¬ 
portionality  constant  was  roughly  equal  to  the  ratio  of  the 


*'  Presently  at  Texas  Center  for  Superconductivity,  University  of  Houston, 
TX  77204-5506 


densities  of  carbon  films  and  diamond  for  all  the  tested  con¬ 
ditions. 

The  thickness  of  the  carbon  films  before  and  after  the 
RIE  step  was  measured  by  Rutherford  backscattering 
(RBS)  analysis  using  a  2  MeV  He  ion  beam.  Figure  1  shows 
the  RBS  spectra  for  a  thin  carbon  film  on  a  glass  substrate 
before  and  after  3  min  RIE  in  an  oxygen  plasma.  The  signal 
from  Si  and  O  in  the  glass  substrate  is  seen  at  higher  back- 
scattering  energies  and  increased  in  energy  as  the  carbon 
film  on  the  top  was  etched.  The  thickness  of  the  carbon  film 
was  computed  by  measuring  the  full  width  half  maxima 
(FWHM)  of  the  carbon  peak. 

We  have  obtained  etching  rates  of  the  order  of  560  A/ 
min  for  thin  carbon  films  and  350  A/min  for  natural  type  II- 
A  diamonds  using  0.4  keV  oxygen  ions  at  an  oxygen  flow  of 
80  cc/min  and  a  vacuum  of  65  mTorr  inside  the  chamber. 
The  same  experimental  setup  was  used  to  obtain  etching 
rates  of  300-400  A/min  for  synthetic  diamond  samples  pro¬ 
cured  from  Crystallume  Corp.  Use  of  hydrogen  for  RIE 
etching  gave  etching  rates  lower  than  that  for  oxygen.  Table 
I  shows  that  this  trend  in  etching  rates  observed  in  our  exper¬ 
iment  is  in  broad  agreement  with  the  heats  of  formation  and 
reaction  rates  for  CO,  C02,  and  CH4  in  the  gas  phase. 

We  also  used  argon-oxygen  gas  mixtures  for  our  RIE 


FIG  I ,  RBS  spectrum  of  thin  carbon  film  on  glass  before  and  after  etching 
for  3  min  in  oxygen  plasma 
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TABLE  I,  Heats  of  formation  and  reaction  rates  for  forming  CO.  CO;,  and  CH4  The  etching  rates  obtained  with  O,  and  H:  plasma  are  also  shown  for 
comparison. 


Gas 

WHf* 

LogmHT 

Ion  energy 
(keV) 

Etching  rate 
( A/min ) 

0, 

-  26.4157(00) 

24.048 

0.42 

500-600 

-  94.052(00.) 

68.091 

350-400  (diamond) 

H, 

-  17.889(CH,) 

8.899 

0.38 

300-330 

•Standard  heat  of  formation  at  25  *C,  kcal/g  mole. 

“Equilibrium  constant  for  the  reaction  for  forming  given  substance  from  its  elements  at  25  *C. 


experiments.  It  was  found  that  adding  substantial  amounts 
of  Ar  to  the  reaction  chamber  did  not  affect  the  etch  rate. 
Figure  2  shows  the  etching  rate  as  a  function  of  the  percen¬ 
tage  oxygen  in  the  gas  mixture  for  one  of  the  process  condi¬ 
tions  studied  during  this  work.  It  shows  that  as  we  increased 
the  percentage  of  oxygen  from  0  to  100%,  the  etching  rate 
increased  rapidly  at  first  and  then  saturated  to  a  maximum 
of  560  A/min.  All  the  other  process  parameters  were  kept 
fixed  for  this  set  of  experiments.  This  suggests  that  for  a 
given  process  condition,  the  concentration  of  reactive  oxy- 


FIG.  2.  Etching  rate  vs  0,%  in  the  Ar-O.  gas  mixture  of  carbon  films  for 
200  W  rf  power  with  a  total  (Ar  +  O,)  gas  flow  rate  of  40  cc/min  at  80 
mTorr  in  the  chamber. 


gen  ions  available  at  the  surface  of  the  substrate  did  not  de¬ 
pend  strongly  on  the  number  of  oxygen  atoms  in  the  gas 
mixture  as  long  as  a  minimum  supply  of  oxygen  was  main¬ 
tained.  Therefore,  assuming  that  the  etch  rate  depended  only 
on  the  number  of  oxygen  ions  in  the  reaction  chamber,  ihe 
number  of  reactive  oxygen  ions  in  dynamic  equilibrium  with 
the  Ar-02  gas  mixture  is  presumably  not  a  strong  function  of 
the  partial  pressure  of  02  in  the  gas  mixture. 

In  order  to  increase  the  etching  rate  further,  the  possibil¬ 
ity  of  heating  the  substrate  and  using  gases  like  fluorine 
needs  to  be  explored.  The  data  on  the  reaction  rate  and  the 
heat  of  formation  of  CF«  suggest  that  the  etching  rate  for 
RIE  using  fluorine  should  be  higher  than  for  the  case  of  02. 

In  summary,  reactive  ion  etching  of  diamond  and  car¬ 
bon  films  with  oxygen,  hydrogen,  and  argon-oxygen  mix¬ 
tures  was  studied.  The  maximum  etching  rate  was  obtained 
with  oxygen  and  addition  of  a  substantial  percentage  of  ar¬ 
gon  did  not  have  any  deleterious  effect  on  the  etching  rate. 

This  work  is  supported  by  the  Office  of  Naval  Research 
contract  N00014-87-K-0243.  We  thank  Professor  M.  L. 
Swanson  for  valuable  comments  and  suggestions. 


'M.  W.  Gris,  D.  D.  Rathman,  D.  J.  Ehrlich,  R.  A.  Murphy,  and  W  T. 
Lindley,  IEEE  Electron  Device  Lett.  8,  341  ( 1987).  *■ 

2J.  F.  Prins,  Appl.  Phys.  Lett.  41,  950  (1982). 

5N.  N.  Efremow,  M.  W.  Gris.  D.  C.  Flanders,  G.  A.  Lincoln,  and  N.  P. 
Economou,  J.  Vac.  Sci.  Technol.  B  3,  416  ( 1985). 

“Timothy  J.  Whetten,  Angela  A.  Armstead,  Thomas  A.  Grzybowski,  and 
Arthur  L.  Ruoff,  J.  Vac.  Set.  Technol.  A  2,  477  ( 1984). 


438 


Appl  Phys  Lett  .  Vol  55,  No.  5.  31  July  1989 


G  S  Sandhu  and  W  K  Chu 


J38 


PROCESS  FOR  INCREASING  GOLD-DIAMOND  ADHESION  AND  FOR 
IMPROVING  THE  SURFACE  SMOOTHNESS  OF  GOLD  FILMS  ON  DIAMOND1 
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I.  Abstract 

Integrity  of  adhesion  of  metals  to  diamonds  which  is 
important  for  heat  sinks  and  for  electrical  contacts  to  diamonds  has 
been  a  problem  for  years.  We  have  solved  the  problem  by  a  pre- 
deposition  sputtering  process.  This  process,  performed  at  room 
temperature,  improves  the  adhesions  and  the  surface  smoothness  of 
gold  films  deposited  on  diamond.  Gold  films  deposited  by  this  process 
are  not  removeable  by  the  "Scotch  Tape  Adhesion  Test."  Gold  films 
deposited  without  our  pre-sputtering  process  are  affected  by  this  test. 
SEM  morphological  studies  revealed  that  the  gold  films  on  processed 
diamond  have  no  discernible  structure  whereas  normally  sputtered 
films  have  a  mosaic  structure  (0.1  to  1.0  micron).  Ohmic  gold 
electrodes  are  formed  on  diamond  when  using  this  process. 

IP  The  Process 

The  basics  of  the  pre-deposition  room  temperature  process 

arc. 

1.  chemical  cleaning  of  diamond; 

2.  argon  sputtering  of  diamond  for  15  minutes  at 
0.2  to  2.0  x  1 0-5  lorr  (argon  beam  14  KeV, 

.25  milliamps); 

5.  spuiic.rmg  of  gold  onto  diamond. 


'■  .Suppoi ted  t > v  t Ur  Office  of  Naval  Research  Contract  N00014-X7-K-0243. 

S<„iir  diamonds  used  in  tins  study  were  contributed  by  the  Dtibhcldcc  Harris  Diamond 
Coi  pom  t  ion ,  D  Drukker  X-  7. n.  N.  V.,  ami  the  Diamond  Research  Laboratory  of  De  Beers 
Industrial  Diamond  Division  Ltd. 


III.  Properties  of  the  Gold  Films  on  the  Pre-deposition  Sputtered 

Diamond 

The  gold  films  produced  by  this  new  process  have  both 
smoother  surfaces  and  higher  adhesion  than  similar  films  produced 
by  other  methods.  This  is  evident  in  the  structure  differences 
between  adjacent  gold  films  prepared  by  this  new  process  and  by 
conven'ional  methods  arc  shown  in  Figure  1,  and  the  "Scotch  Tape- 
Test"  which  had  no  effect  on  the  gold  films  in  pre-sputter  regions  of 
diamond  but  did  affect  gold  films  in  the  regions  which  were  not 
pre-sputtered. 

The  gold  films  on  semiconducting  diamond  were  ohmic. 

IV.  Conclusions 

In  comparison  with  gold  films  deposited  on  diamond  by 
conventional  methods,  this  new  room  temperature  method 
produces  gold  films  with: 

1.  higher  adhesion; 

2.  smoother  surfaces; 

3.  more  uniform  thicknesses; 

4.  ohmic  electrode  properties. 


This  process  is  expected  to  be  applicable  to  other  types  of 
films  on  other  substrates. 


ft 
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1'iguic  1.  .SbM  micrograph  of  gold  turns  in  iwo  different  regions 
The  left  region  was  noi  sputtered  with  argon  prior  to  deposition 
of  t tic  gold  whereas  the  right  side  was  aigon  sputtered  prior  to 
deposition  of  the  gold. 
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Regrowth  of  Radiation  Damaged  Layers  in  Natural  Diamond 
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Abstract.  The  regrowth  of  radiation  damaged  layers  created  by  carbon  ion  implantation 
in  natural  diamond  was  investigated  by  the  Rutherford  backscattering/channeling 
technique  and  by  optical  absorption.  We  present  the  first  results  of  rapid  thermal 
annealing  of  the  implanted  samples  directly  from  the  77K  implantation  temperature  to 
1 100°C  as  well  as  data  for  isochronal  annealing.  We  found  that  isochronal  annealing  up 
to  900°C  was  more  effective  than  rapid  thermal  annealing  for  amorphized  samples.  The 
critical  dose  for  amorphization  of  diamond  was  between  1.65xl0^cm  ^  and  3xl0^cm 
for  200  keV  carbon  ion  implantation  at  77K. 


I.  Introduction 


Doping  of  diamond  by  means  of  ion  implantation  has  been  studied  over  the  past 

three  decades.  The  success  of  this  method  for  the  activation  of  dopants  is  limited  by  the 

difficulty  in  healing  radiation  damage  created  by  the  implantation.  For  example,  although 

the  damage  produced  by  350  keV  Sb  ion  implantation  at  room  temperature  below  a  dose 
14  -2 

of  0.9x10  cm  can  be  annealed,  the  activation  of  dopant  atoms  is  very  low[l].  Above 

14  -2 

the  critical  dose  of  1.5x10  cm  of  350  keV  Sb  ions,  the  large  amount  of  radiation 
damage  causes  the  diamond  to  graphitize  upon  subsequent  annealing[l,  2].  Later  on, 
hot  implantations  were  used  in  an  effort  to  reduce  the  radiation  damage[3,  4,  5,  6]. 
Although  graphitization  can  be  avoided  and  a  certain  fraction  of  implanted  dopant  atoms 
end  up  on  substitutional  sites,  the  implanted  layers  contain  a  dense  distribution  of 
dislocations  resulting  from  the  agglomeration  of  migrating  point  defects[7].  These 
clusters  of  point  defects,  which  are  very  stable  and  can  not  be  removed  even  at  an 
annealing  temperature  of  1450°C[5],  tend  to  compensate  any  electrical  conductivity. 

Based  on  analysis  of  the  previous  implantation  work  carried  out  at  or  above  room 
temperature  on  diamond,  Prins[8]  proposed  a  new  approach  to  dope  diamond  by  ion 
implantation.  According  to  his  method,  diamond  samples  are  implanted  at  sufficiently 
low  temperature,  e.g.  liquid  nitrogen  temperature,  by  both  carbon  and  dopant  ions  and 
annealed  by  rapidly  heating  to  a  high  temperature  directly  after  the  implantation. 
Presumably  this  process  could  attain  more  activation  of  implanted  dopant  atoms  because 
of  the  high  interstitial  and  vacancy  densities  and  their  proximity  to  each  other,  since  both 
vacancies  and  interstitials  are  not  mobile  at  the  implantation  temperature[9].  It  was 
unknown,  however,  whether  the  radiation  damaged  layers  created  by  ion  implantation 
could  be  recrystallized  after  the  rapid  thermal  annealing(RTA).  The  critical  doses  of  ion 
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implantation  to  create  an  amorphous  layer,  and  to  graphitize  the  diamond  upon 
subsequent  annealing  were  also  not  known.  The  work  reported  in  this  paper  addresses 
this  problem  by  investigating  the  regrowth  of  the  radiation  damaged  layers  in  natural 
diamond  produced  by  carbon  ion  implantation  at  77K,  using  the  Rutherford 
backscattering  spectroscopy(RBS)/channeling  technique  and  optical  absorption 
measurements. 

II.  Experimental 

Four  <100>  orientation  type  la  diamond  samples  were  used  in  the  present  study. 
Some  samples  were  reused  after  "removal  of  the  implanted  layers  by  reactive  ion  etching 
using  oxygen  gas.  All  four  samples  had  minimum  yields  less  than  5%  before 
implantation  and  thus  were  good  single  crystals. 

All  the  samples  were  implanted  at  liquid  nitrogen  temperature(77K)  in  a 

nonchanneling  direction  with  200  keV  carbon  ions  to  doses  ranging  from  10^  to 

15-2  11  2 
3x10  cm  .  The  dose  rates  were  3.4x10  ions/cm  s  for  samples  1,  2,  3,  and  4,  and 

1 1  2 

10x10  ions/cm  s  for  samples  5  and  6.  Each  time  two  samples  were  implanted  at  the 
same  time. 

Immediately  after  the  implantations,  samples  2,  4,  6  were  annealed  by  RTA  at 
1 100°C  for  two  minutes  under  flowing  argon  in  a  quartz  chamber.  Samples  1,  3,  and  5 
were  kept  in  liquid  nitrogen  until  mounting  into  the  target  chamber  for  RBS/channeling 
analysis  at  293K.  Channeling  measurements  were  done  with  2  MeV  He  ions.  The 
backscattered  particles  were  analyzed  with  a  surface  barrier  detector  mounted  at  120°  to 
the  incoming  beam.  Afterwards  samples  1, 3,  and  5  were  isochronally  annealed  for  one 
hour  in  a  vacuum  furnace  with  vacuum  better  than  3x10  ^  torr.  The  optical 
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measurements  in  transmission  mode  were  done  on  samples  2,  4,  and  6  before 
implantations  and  after  the  implantations  plus  RTA's,  and  on  samples  1,  3,  and  5  before 
and  after  the  implantations  and  after  each  furnace  anneal,  using  a  Perkin-Elmer  Lambda  9 
Spectrophotometer. 

III.  Results  and  discussion 

In  Fig.l  we  present  the  results  of  channeling  measurements  performed  on  samples 

15  -2 

1  and  2  implanted  with  carbon  ions  to  a  dose  of  1.25x10  cm  .  The  aligned  spectrum 
of  the  as-implanted  sample  1  (Fig.  1(a))  showed  a  subsurface  damage  peak  indicating  a 
heavily  damaged  buried  layer  about  210  nm  below  the  surface.  After  RTA  on  sample  2  at 
1 100°C  for  two  minutes,  the  radiation  damage  was  annealed.  In  this  case  we  infer  that 
the  diamond  structure  of  the  damaged  layers  was  retained  after  the  implantation  and  the 
defects  were  mainly  point  defects  and  defect  clusters.  After  heating  to  1 100°C  the 
diamond  structure  did  not  collapse  and  both  interstitials  and  vacancies  were  mobile  and 
quickly  recombined  to  heal  the  damage.  This  conclusion  was  supported  by  the  optical 
measurements(see  below).  In  the  case  of  isochronal  annealing,  some  shrinking  of  the 
damage  was  observed  even  at  450°C.  The  700°C  anneal  almost  completely  annealed  the 
radiation  damage  as  with  the  RTA.  It  seemed  that  relatively  few  defects  remained  after 
the  annealing  process  probably  because  the  defect  density  was  not  high. 

Fig. 2  shows  similar  results  obtained  from  samples  3  and  4,  which  were  implanted 

15  -2 

with  carbon  ions  to  a  dose  of  1.65x10  cm  .  The  differences  from  samples  1  and  2 
were  that  the  damaged  layer  after  the  implantation  was  broader  and  the  RBS  yield  almost 
reached  the  random  level,  and  that  the  700°C  anneal  left  a  large  fraction  of  displaced 
atoms  in  the  damaged  region.  At  present  we  don't  know  whether  the  annealing 
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difference  at  700°C  was  because  of  insufficient  annealing  time  or  because  of  the 
formation  of  complex  defects  which  could  only  be  annealed  at  900°C. 

15-2  15-2 

From  the  above  results  we  know  that  both  1.25x10  cm  and  1.65x10  cm 

were  below  the  critical  doses  for  amorphization,  and  for  graphitization  upon  subsequent 

15  -2 

annealing.  We  therefore  increased  the  dose  up  to  3x10  cm  .  Fig. 3  shows  the 
RBS/channeling  spectra  of  samples  5  and  6.  The  RBS  yield  reached  the  random  level 
and  the  damaged  layer  extended  all  the  way  to  the  surface  after  the  implantation.  The 
large  near-surface  damage  was  surprising  in  view  of  the  low  RBS  yields  just  below  the 
surface  for  the  samples  implanted  at  1.25x10^  and  1.65xl0^cm  ^  (Figs.  1  and  2). 

The  higher  dose  rate  used  for  samples  5  and  6  could  be  responsible  for  this  effect.  The 
lower  energy  end  of  the  plateau  in  the  aligned  spectrum,  which  corresponded  to  an 
amorphous  region,  showed  a  very  broad  tail(about  102  nm)  indicating  that  the  interface 
between  the  substrate  and  the  amorphous  region  was  not  sharp.  Part  of  the  reason  for 
this  phenomenon  could  be  due  to  the  lowering  of  densities  from  diamond  to  amorphous 
diamond,  so  that  the  ion  range  became  larger  with  increasing  dose.  Here  we  make  a 
distinction  between  amorphous  diamond  and  amorphous  carbon.  Amorphous  diamond 
caused  by  high  dose  implantation  still  keeps  a  large  fraction  of  diamond  bonds  and 
skeletal  diamond  structure  though  a  large  number  of  graphite  bonds  are  created[10].  The 
mechanical  properties  of  the  amorphous  diamond  are  essentially  the  same  as  that  of 
diamond.  Upon  subsequent  annealing  the  diamond  structure  may  collapse  to  form 
graphite[l  1,  1], 

After  RTA  at  1 100°C  for  two  minutes  the  RBS  yield  in  the  aligned  spectrum  of 
sample  6  was  still  high.  This  could  be  due  to  polycrystalline  growth  in  the  amorphous 
region  due  to  nucleation  at  high  temperature.  The  nature  of  this  layer  will  be  studied 
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further.  Sample  5  was  furnace  annealed  after  the  implantation  and  RBS/channeling 
analysis.  After  the  500°C  anneal  for  one  hour,  the  channeling  spectrum  showed  a  small 
amount  of  epitaxial  regrowth  from  the  crystal-amorphous  interface  and  the  amorphous 
region  did  not  collapsed  into  graphite.  But  after  the  900°C  anneal  for  one  hour,  almost 
complete  epitaxial  regrowth  occurred  from  the  crystal-amorphous  interface  all  the  way  to 
about  53  nm  below  the  surface.  The  surface  layer  of  about  53  nm  thick  became  graphite, 
which  could  be  easily  scratched  off.  After  being  etched  in  chromic  acid  the  sample  was 
completely  transparent  again.  We  believe  two  processes  competed  during  the  900°C 
anneal.  One  was  epitaxial  regrowth  from  the  interface  and  the  other  was  graphitization 
from  the  surface.  According  to  Berman's  line  of  the  graphite-diamond  equilibrium^ 2, 
13],  at  900°C  and  atmospheric  pressure  or  below,  the  graphite  phase  is  favored.  That 
was  why  the  surface  layer  of  sample  5  started  to  graphitize  during  900°C  anneal.  But 
graphitization  results  in  volume  expansion.  Therefore  if  the  deep  amorphous  layers 
graphitized,  great  pressure  would  be  created,  thus  preventing  the  graphitization,  if  the 
amorphous  region  above  were  still  mechanically  as  strong  as  diamond.  After  the 
interface  moved  near  the  surface  to  a  position  where  there  was  not  enough  strength  of  the 
overlayer  to  prevent  the  transformation  to  graphite,  the  epitaxial  regrowth  stopped  and 
the  rest  of  the  amorphous  region  became  grcphite.  From  this  point  of  view,  we  could 
prevent  graphitization  by  leaving  a  surface  layer  of  about  53  nm  or  more  unamorphized. 
This  layer  essentially  acts  as  a  blocking  layer  which  creates  pressure  to  prevent  the 
transformation  of  the  amorphous  region  to  graphite  in  the  annealing  process.  This  can  be 
achieved  by  deeper  implantation  and  may  give  us  freedom  to  raise  the  implantation  dose 
further. 
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From  the  results  obtained  on  samples  5  and  6  we  can  see  that  RTA  at  1100°C  may 
not  be  a  better  thermal  process  than  isochronal  annealing  because  nucleation  in  the 
amorphous  region  by  RTA  results  in  polycrystals. 

Optical  measurements  were  also  employed  to  measure  the  recovery  of  the 
implantation  damage.  Fig. 4  showed  the  optical  spectra  of  sample  1  and  2  from  200  nm 
to  800  nm,  which  covers  the  GR1  absorption  band(477~775  nm)  and  the  u.v.- 
continuum(300~443  nm).  Previous  work  has  established  that  the  GR1  band  and  the 
u.v. -continuum  are  caused  by  radiation  damage  in  diamond[14].  The  transmission 
spectra  of  the  as-implanted  sample  1  (Fig. 4(a))  showed  strong  absorption  in  the  u.v.- 
continuum,  which  was  the  common  feature  observed  in  all  the  implanted  samples.  After 
RTA  the  absorption  in  the  u.v.-continuum  of  sample  2(Fig.4(b))  was  reduced 
substantially.  This  indicated  annealing  of  the  radiation  damage  in  the  sample,  consistent 
with  the  result  of  the  channeling  measurement.  From  Fig.4(a)  we  can  see  that  the 
absorption  of  sample  1  was  reduced  after  each  furnace  anneal  but  not  as  much  as  that  of 
sample  2.  This  is  because  the  RBS  analyzing  beam  also  causes  damage  deep  in  the 
sample.  The  spot  bombarded  by  the  analyzing  beam  looks  grey  after  RBS  analysis  and 
turns  to  brownish  after  RTA  at  1 100°C  for  two  minutes.  This  residual  damage  also 
causes  absorption  in  the  u.v.-continuum.  Our  diamond  samples  were  so  small  that  we 
can  not  prevent  the  brownish  spots  in  optical  measurements.  Therefore  we  do  not  intend 
to  present  the  optical  data  quantitatively. 

IV.  Conclusion 

We  have  found  in  this  work  that  the  critical  dose  of  implantation  for  amorphizing 
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diamond  was  between  1.65x10  cm  “and  3x10  cm  for  200  keV  carbon  ions. 

Below  this  dose,  the  radiation  damage  could  be  annealed  by  either  RTA  at  1 100°C  or 
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isochronal  annealing  up  to  900°C.  Above  this  dose,  RTA  and  isochronal  annealing  had 
very  different  effects.  The  isochronal  annealing  up  to  900°C  gave  a  nearly  perfect  crystal 
in  the  epitaxially  regrown  region  with  a  graphite  overlayer,  whereas  the  RTA  caused 
poor  crystallinity,  presumably  because  of  polycrystalline  growth. 

The  work  was  r upported  by  the  Office  of  Naval  Research  contract  #N00014-87-K- 
0243.  We  thank  Hans  C.  Hofsass  for  helpful  discussions  and  his  help  in  plotting  the 
figures  in  the  paper.  We  also  thank  Barbara  Neptune  and  Mark  Kelam  for  ion 
implantation  at  Microelectronics  Center  of  North  Carolina,  and  Sunil  Hattangady  for  help 
in  optical  measurements  at  Research  Triangle  Institute. 

References 

[1]  G.  Braunstein,  A.  Talrni,  R.  Kalish  and  R.  Beserman,  Radiat.  Eff.  48  (1980) 
139 

[2]  R.  Kalish,  T.  Bernstein,  B,  Shapiro  and  A.  Talmi,  Radiat.  Eff.  52  (1980)  153 

[3]  G.  Braunstein  and  R.  Kalish,  Appl.  Phys.  Lett.  38  (1980)  <+i6 

[4]  G.  Braunstein  and  R.  Kalish,  Nucl.  Instrum.  Methods  182/183  (1981)  691 

[5]  G.  Braunstein  and  R.  Kalish,  Nucl.  Instrum.  Methods  209/210  (1983)  387 

[6]  R.  S.  Nelson,  J.  A.  Hudson  and  D.  J.  Mazey,  British  Patent  No.  1,599,668 

published  7  October  1981 

[7]  R.  S.  Nelson,  J.  R.  Hudson,  D.  J.  Mazey  and  R.  C.  Piller,  Proc.  R.  Soc. 
London,  Ser.  A386  (1983)  211 

[8]  J.  F.  Prins,  Phys.  Rev.  B38  (1988)  5576 

[9]  J.  F.  Prins,  T.  E.  Derry  and  J.  P.  F.  Sellschop,  Nucl.  Intrum.  Methods  B18 
(1987)  261 

110]  J.  J.  Hauser,  J.  R.  Patel  and  J.  W.  Rodgers,  Appl.  Phys.  Lett.  30  (1977)  129 


8 


[11]  J.  J.  Hauser  and  J.  R.  Patel,  Solid  State  Commun.  18  (1976)  789 

[12]  R.  Berman,  in:  Physical  Properties  of  Diamond,  ed.,  R,  Berman  (Clarendon 
Press,  Oxford,  1965)  p.  371 

[13]  F.  P.  Bundy,  H.  P.  Bovenkerk,  H.  M.  Strong  and  R.  G.  Wentorf,  J.  Chem. 
Phys.  35  (1961)  383 

[14]  H.  B.  Dyer  and  P.  Ferdinando,  Brit.  J.  Appl.  Phys.  17  (1966)  439 


9 


Figure  Captions 


Fig.  1.  RBS/channeling  spectra  of  200  keV  carbon  ion  implanted  diamond  samples  with 
15  2 

a  dose  of  1.25x10  cm  :  (a)  sample  1:  random(  • );  as-implanted(  o  );  450  C(v); 
700°C(  +  );  900°C(  0  );  unimplanted(  A );  (b)  sample  2:  random(  • );  RTA(  0  ); 
unimplanted(  A ) 

Fig.  2.  RBS/channeling  spectra  of  200  keV  carbon  ion  implanted  diamond  samples  with 
15  2 

a  dose  of  1.65x10  cm  :  (a)  sample  3:  random(  • );  as-implanted(  o  );  450  C(v); 
700°C(  +  );  900°C(  0  );  unimplanted(  A );  (b)  sample  4:  random(  • );  RTA(  0  ); 
unimplanted(  A ). 

Fig.  3.  RBS/channeling  spectra  of  200  keV  carbon  ion  implanted  diamond  samples  with 
a  dose  of  3x10  cm  :  (a)  sample  5:  random(  • );  as-implanted(  o );  500°C(v );  900°C( 
0  );  unimplanted(  A  );  (b)  sample  6:  random!  • );  RTA(  0  );  unimplanted(  A  ). 

Fig.  4.  Optical  transmission  spectra  of  sample  1:  (a);  and  sample  2:  (b). 
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